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Gibbs free energy models are derived from the calculated electronic and phonon structure of two possible
models of γ-alumina, a defective spinel phase and a hydrogenated spinel phase. The intrinsic vacancies
and hydrogen in the two structural models give rise to a considerable configurational (residual) entropy and
significantly contribute to thermodynamic stability and physical-chemical properties of γ-alumina, which was
neglected in previous studies but considered in this work. The electronic densities of states, calculated using a
hybrid functional for the two structural models of γ-alumina, are presented. The dynamic stability of the two
phases is confirmed by full-spectrum phonon calculations. The two phases share many similarities in their
electronic structure, but can be distinguished by their vibrational spectra and specific heat. The defective
spinel is found to be the ground state of γ-alumina, while the hydrogenated spinel to be a metastable phase.
However, dehydration of the metastable phase into the ground state is expected to be slow due to the low
diffusion rate of H, which leaves hydrogen as a locked-in impurity in γ-alumina.
PACS numbers: 61.72.-y, 63.50.Gh, 71.23.-k, 81.30.Bx
I. INTRODUCTION
Al2O3 also known as alumina is an important mate-
rial due to its diverse industrial and technological ap-
plications and also due to its role in various geochemi-
cal processes.1,2 Besides its most stable form, α-alumina,
there are also several transition aluminas that can be
obtained by the thermal decomposition of aluminum hy-
droxides or oxyhydroxides.3,4 The γ-alumina phase has
been extensively studied mostly due to its applications as
a catalyst or catalyst support.5–8 However, in spite of sev-
eral experimental and theoretical works that have been
devoted to the determination of its exact structure, the
structure of γ-alumina is still not fully understood.3,5,9–17
The inherent poor crystallinity of γ-alumina, that can
be prepared through various synthetic routes, signifi-
cantly increases the difficulty of the problem. Besides,
the possible presence of hydrogen in γ-alumina is still
not understood.3,5,10–17 The clarification of the struc-
tural and physical-chemical properties of γ-alumina helps
to understand the catalytic properties of this material.
The catalytic properties of γ-alumina are related with
its Lewis acidic surface due to the presence of hydroxyl
groups.18,19 This is because water molecules can undergo
dissociative adsorption at the surface of γ-alumina.18
However, this feature alone cannot be responsible for the
differences in catalytic properties of γ-alumina and α-
alumina; because hydroxylated α-alumina also has Lewis
acidic surface sites due to dissociative water adsorption.20
The hydrogenation of γ-alumina was suggested to be the
possible reason for the catalytic differences between this
and the other aluminas.21 The cation vacancies of γ-
alumina are possible traps for protons, and it was found
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that the penetration of protons from the surface into the
Al vacancies of the subsurface is very likely to occur and
the energy barrier for this process is 1.05 eV/proton.12,22
There are mainly two points of view in what concerns
the structure of γ-alumina. These points of view dif-
fer mostly with regard to the content of hydrogen in
the structure. One point of view states that γ-alumina
is a stoichiometric transition alumina with a defective
spinel structure. This model has its origins in X-ray
diffraction studies and dates back to 1935.23 The pro-
posed structure is closely related to the MgAl2O4 mag-
nesium aluminate spinel structure which contains tetra-
hedral cation sites (Mg sites) and octahedral cation sites
(Al sites). The cubic unit cell of this magnesium alu-
minum spinel comprises 8 Mg cations (at 8a sites), 16
Al cations (at 16d sites) and 32 close-packed O anions
(at 32e sites). The cation sites are not fully occupied
in order to meet the stoichiometry of γ-alumina, and
2 23 cation sites per cell have to be vacant. Convention-
ally, the formula is designated as 2 23 Al21 13 O32, where
 stands for the vacancy. It is still a matter of de-
bate which cation sites are preferred by the vacancies. It
has been reported that the vacancies are formed prefer-
ably at the octahedral sites, but other observations in-
dicate the preference for tetrahedral sites.23–25 The frac-
tion of tetrahedrally coordinated Al should be limited
between 25% and 37.5%. Early experiments by Verwey
and Jagodszinski suggested the presence of vacancies at
octahedral positions, with tetrahedrally coordinated Al
amounting to 37.5%.23,24,26,27 However, a later experi-
mental work by Saalfeld reported a different result with
tetrahedrally coordinated Al amounting to 25%.23,28 The
fraction of tetrahedrally coordinated Al in γ-alumina de-
termined by solid-state NMR is around 21∼31%.29–31 A
computational study based on density functional theory
(DFT) by Mo et al., suggested that the octahedral sites
are more favorable for the formation of vacancies by 3.7
eV/vacancy.32 Additionally, other studies point towards
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2the preference for vacancy formation at octahedral sites.
In a recent work, Sun et al. performed DFT calculations
and Rietveld simulations to confirm the energetic pref-
erence for vacancies at octahedral sites.33 Nevertheless,
it has also been shown that the defective spinel struc-
ture with cation vacancies distributed between the two
types of sites is in better agreement with experimental
X-ray powder diffraction pattern.33–35 Overall there are
discrepancies between theoretical and experimental re-
sults in what concerns the location of vacancies. The re-
sults of Kno¨zinger and Ratnasamy have shown a consid-
erably disordered occupancy of tetrahedrally coordinated
Al. This would make γ-alumina similar to η-alumina.5
Zhou and Snyder have also shown evidence for disordered
occupancy of tetrahedrally coordinated Al.3 The classical
molecular dynamics simulation based on pairwise addi-
tive empirical potential functions performed by Alvarez
confirmed the occupancy of non-spinel sites.36 Overall,
the computational data point towards the preference for
vacancies at octahedral sites. The disorder has its origins
in temperature effects and synthetic factors.
Another type of suggested structures are the hydro-
genated models of γ-alumina. The first model was in-
troduced by Dowden in 1950.21 It was proposed that, in
the presence of water, hydrogen can occupy the cation
vacancies in γ-alumina. Later, de Boer and Houben con-
ducted an X-ray diffraction (XRD) study and suggested
a hydrogenated spinel structure denoted as Al2O3 ·nH2O
to account for the mass balance by variable water con-
tent n < 1.37 Such notation often leads people to take γ-
alumina as a hydrated crystal. In the cited work, it was
also suggested that the stoichiometry Al2O3·(1/5)H2O
with n = 1/5 corresponds to a perfect hydrogenated
spinel HAl5O8. This conclusion was based on the anal-
ysis of several types of γ-alumina crystals with differ-
ent hydrogen content.37 The presence of hydrogen in
bulk γ-alumina was independently observed by Maciver
and Le´noard.38,39 In a NMR investigation by Pearson,
the measured fraction of hydrogen in the bulk (rather
than on the surface) was n = 0.18 which very close to
the value n = 0.2 of the perfect hydrogenated spinel
structure.40 Another hydrogenated spinel model pro-
posed by Soled consisted in replacing O2− by two sur-
face OH− groups.41 However, the growth of γ-alumina by
ion implantation and the annealing of α-alumina ruled
out this assumption.42,43 Other studies using diverse
techniques have pointed towards the existence of hydro-
genated structures. Using the XRD technique, Ushakov
and Moroz found that only the structure containing resid-
ual bulk hydrogen could account for the experimentally
recorded XRD patterns.10 Tsyganenko et al. observed
OH− peaks in the infrared spectrum which were assigned
to bulk OH− rather than surface OH− groups.11 In re-
cent studies, DFT calculations were used to investigate
the role of hydrogen in bulk γ-alumina. Sohlberg et al.
found that the hydrogenated spinel structures described
as H3mAl2−mO3 are considerably lower in energy than
the defective spinel structures (with the perfect hydro-
genated spinel structure HAl5O8 to be the lowest in en-
ergy). Furthermore, the calculated vibrational frequen-
cies of bulk OH bonds agree well with experiments.12
However, the calculated volume of α-alumina has a large
deviation from experimental data, which raises questions
about the accuracy of the calculations. In a study by
Wolverton and Hass, it has been shown that the hy-
drogenated spinel structure (HAl5O8) is thermodynam-
ically unstable with respect to the decomposition into
Boehmite and defective spinel structure of γ-alumina.13
Yet, the studies of Sun et al. suggest that the hydro-
genated spinel structure is more stable than the defec-
tive spinel structure at T < 550 K, and the opposite for
T > 550 K.33
To enable for a careful analysis of relative stabilities
for the competing structures it is necessary to make the
expression for the Gibbs free energy as complete as possi-
ble. Worth of notice is the fact that, none of the previous
ab initio studies of γ-alumina has taken into considera-
tion the vibrational contribution to the Gibbs free en-
ergy. The vibrational and thermal properties of alumina
are of great interest to many industrial processes. Data
on the thermal properties of γ-alumina are scarce due to
its structural complexity.
Furthermore, configurational entropy was never con-
sidered and evaluated in previous ab initio studies of this
system. A part of configurational entropy associated with
frozen-in disorder, referred to as residual entropy, origi-
nates from the degeneracy or near degeneracy in energy
of a manifold of atomic configurations in the structures of
some aluminum oxides and hydroxides. The disordered
distribution of vacancies and hydrogen may be present in
these compounds even at low temperatures and give rise
to significant residual entropy contributions which may
be important for the determination of relative phase sta-
bilities.
In this work, we perform DFT calculations of the elec-
tron and phonon spectra for the two structural mod-
els of γ-alumina as well as for Boehmite AlOOH. The
residual entropy of these phases is evaluated using the
approach proposed by Pauling.44 Using the calculated
data, the vibrational and thermal properties of the com-
pounds are calculated, including the heat capacity, en-
tropy, and Gibbs free energy. We also present the cal-
culated phonon dispersions and Raman-active modes for
the defective spinel γ-alumina, hydrogenated spinel γ-
alumina, and Boehmite.
II. METHODOLOGY
A. Electronic structure and phonon spectrum calculations
The present calculations are based on density func-
tional theory (DFT) and use a plane-wave basis set, as
implemented in the Vienna Ab initio Simulation Package
(VASP).45,46 The interaction between the ions and va-
lence electrons is described by the projector augmented
wave (PAW) method.47–49 Most of the calculations, in-
cluding structural relaxations and phonon spectra calcu-
3lations, are done on the level of generalized gradient ap-
proximation (GGA), employing the exchange-correlation
functional by Perdew, Burke and Ernzerhof (PBE).50 In
general, semilocal GGA functionals are known to under-
estimate the electronic bandgap of semiconductors and
insulators, while providing good structural accuracy.51,52
To derive accurate Gibbs free energy of the system,
one needs a functional that provides satisfactory struc-
tural accuracy. It has been shown that the GGA based
functionals implemented in VASP can provide accurate
structure and energy data for aluminum oxides and
oxyhydroxides.13,53 Therefore, the relative thermal sta-
bilities of the materials studied in this work are assessed
on the basis of PBE calculations. However, we also em-
ploy the hybrid functional approach to compare with the
PBE results and assure the quality of calculations. For
that purpose we use PBE0 functional54 which contains
25% of the exact nonlocal Hatree-Fock (HF) exchange,
and 75% of the PBE exchange, and 100% of the PBE
correlation energy.
In our work, a plane-wave cut-off energy of 550 eV
was enough to reach convergence and was used in the
calculations of defective spinel γ-alumina. For the PBE
type of calculations, a k-mesh of 3×9×9 was tested to
reach energy convergence, and 1×3×3 was used for the
PBE0 type of calculations. The total energy difference
was converged to less than 1×10−8 eV/unit cell, and the
force acting on each atom is converged within 10−4 eV/A˚.
Hydrogenated spinel γ-alumina was also considered in
our study, for comparison with the defective spinel model.
A k-mesh of 9×9×9 and a plane-wave cut-off energy of
550 eV were used for the PBE type of calculations of this
structure, and a 3×3×3 mesh was used for the PBE0
type of calculations. The total energy and force were
converged with the same accuracy as for the defective
spinel structure.
Although the location of the vacancies is not yet fully
understood from experimental data, previous theoretical
studies have pointed towards the preference for forma-
tion of vacancies at octahedral sites.32,33 In Ref. 33, Sun
et al., using a model proposed by Gutie´rrez, Taga and
Johansson,55 have done a detailed study on vacancy dis-
tribution energies. Structures with all possible vacancy
distributions within the chosen supercell were considered
and compared. It was found that the supercell struc-
ture with two vacancies located at two octahedral sites
about 8.2 A˚ away from each other, is the lowest in energy,
and is in good agreement with experimental X-ray power
diffraction data. Therefore we have chosen this structure
as the defective spinel model for this study. A different
study by Maglia and Gennari56 produced results that
are consistent with the calculations in Ref. 33. The hy-
drogenated spinel structure of γ-alumina proposed by de
Boer and Houben37 was confirmed by Sohlberg,12 which
corresponds to a stable and perfect hydrogenated spinel
structure. The primitive cell contains eight O atoms, five
Al atoms and one H atom.
The phonon dispersions were calculated by means
of PHONOPY code,57 which is an implementation of
post-process phonon analyzer, from the Hessian ma-
trix calculated using density functional perturbation the-
ory (DFPT) and PBE functional implemented in VASP.
We used a 4×1×3, and a 2×2×2 supercell to calculate
the eigenvalues of the Hessian matrix for the defective
spinel structure and hydrogenated spinel structure, re-
spectively. The phonon-related thermal properties of
these compounds were then derived from the calculated
phonon spectra.
B. Evaluation of configurational entropy
The configurational (residual) entropy stems from the
intrinsic disorder of the geometrically frustrated crys-
tal lattice. A classical example is the case of H2O ice
that was first treated by Pauling.44 The hydrogen in ice
has some degree of freedom sitting between the oxygen
atoms, leading to an enormous number of configurations
that are nearly indiscernible in energy. The presence of
structural vacancies in a crystal also can increase the dis-
order and bring in considerable configurational entropy.
The residual configurational entropies were evaluated
using Pauling’s approach.44 The procedure is described
below for the two models of γ-alumina and for Boehmite.
(a) Defective spinel structure of γ-alumina: Pauling’s as-
sumption that in the minimal primitive cell Al8O12 of
γ-alumina structure the nine cation sites are occupied by
eight Al3+ ions completely at random gives the follow-
ing estimate for the configurational entropy (per mole of
Al2O3):
Smaxcnf = −
9
4
kB
(
1
9
ln
1
9
+
8
9
ln
8
9
)
∼= 0.785kB, (1)
where kB is the Boltzmann constant. Since the present
calculations show that cation vacancies prefer octahedral
sites (six out of the nine sites per Al8O12 formula), the
configurational entropy of γ-alumina at low temperatures
reduces to:
Soctcnf = −
6
4
kB
(
1
6
ln
1
6
+
5
6
ln
5
6
)
∼= 0.676kB. (2)
(b) Hydrogenated spinel structure of γ-alumina: A
charge-balanced formula of the hydrogenated spinel,
HAl5O8, corresponds to one protonated vacancy per six
cation sites (two tetrahedral and four octahedral). The
proton inside a cation vacancy binds to one of the neigh-
boring O anions to form an OH group. Assuming a com-
pletely random substitution of any cation site by hydro-
gen (and also that the OH formation is completely un-
correlated), one arrives at the following upper-bound es-
timate Smax for the configurational entropy (per formula
unit Al2O3 · 0.2H2O):
Smaxcnf =
2
5
kB
[
ln
66
55
+
(
2
6
ln 4 +
4
6
ln 6
)]
(3)
∼= 1.744kB,
4where the largest part, 1.081kB, is due to the random-
ness of vacancy distribution, while the remaining part,
0.663kB, is due to the proton disorder.
(c) Boehmite: The low-temperature phase of AlOOH
has a layered structure in which hydroxylated double ox-
ide layers are hold together by hydrogen bonds. The
hydrogen bonds are arranged into zig-zag chains with
two possible orientations of the hydroxyl groups, left
· · ·H−O· · ·H−O· · · and right · · ·O−H· · ·O−H· · · . The
sequence can be reversed by means of a defect denoted
here as a ”break point” (BP). Let us denote the con-
centration of such point defects in Boehmite as c =
NBP/N = L
−1. Here L is the average length of or-
dered (left or right) chains between two point defects,
N is the number of AlOOH units in the crystal, and
NBP is the number of BP defects. The defect formation
energy ∆E is assumed to be positive. Free energy mini-
mization with respect to the defect concentration yields:
c = L−1 = [1 + exp(∆E/kBT )]
−1
. Thus, the equilibrium
concentration of BP defects is exponentially small at low
temperatures, which means that the residual entropy of
Boehmite is zero.
III. RESULTS AND DISCUSSION
A. Atomic structure
FIG. 1. Two structural models of γ-alumina: (a) the defective
spinel model; (b) the hydrogenated spinel model with three
primitive cells. For clarity, the Al atoms are shown larger
than the O atoms.
Figure 1 shows the two structural models of γ-alumina.
In the defective spinel model (Figure 1(a)), there are 24
oxygen atoms that constitute the 6 tetrahedron cages
and 12 octahedron cages, in which 16 aluminum atoms
are located. Besides, there are two vacancies located in-
TABLE I. Computed equilibrium volume Ω0 (per formula)
and bandgap Eg for defective and hydrogenated spinel γ-
alumina and Boehmite.
Phase Method Ω0, A˚
3 Eg, eV
Al2O3
PBE 47.373 3.91
PBE0 45.885 5.96
(Defective) Exp. 46.416−46.982a 2.5−8.7b
Al2O3 · 15H2O
PBE 47.499 4.23
PBE0 45.991 6.35
(Hydrogenated) Exp. 46.416−46.982c 2.5−8.7d
AlOOH
PBE 32.848 5.24
PBE0 31.560 7.59
(Boehmite) Exp. 32.650e −
a Refs. 3, 58, and 59.
b Refs. 60–62.
c Refs. 3, 58, and 59.
d Refs. 60–62.
e Ref. 63.
side two octahedron cages. The primitive cell of a hydro-
genated structure contains 14 atoms: 8 oxygen atoms, 5
aluminum atoms and 1 hydrogen atom. There are two
choices for positioning the hydrogen atoms when con-
structing the structure of the hydrogenated model from
the Mg2Al4O8 primitive cell. The model can be built
up either by replacing half of the Mg with Al and the
other half with H, or by substituting one of the Al atoms
with an H atom and also replacing all of the Mg by Al.
In the first case, the hydrogen is tetrahedrally (TETRA)
coordinated , while in the second case, the hydrogen is
octahedrally (OCT) coordinated. However, during re-
laxation the hydrogen will deflect from the center of the
oxygen cage to form a hydroxyl group with one of the
neighboring oxygen atoms. We have found that the two
structures (TETRA and OCT) are nearly isoenergetic
(the calculated difference is less than 0.06 eV). Building
a supercell by tripling the primitive cell of the hydro-
genated model can slightly lower the total energy of the
system due to the independent relaxation of the three
hydrogens. However, the energy lowering is less than 0.1
eV. Figure 1(b) shows the supercell of the hydrogenated
spinel structure. The supercell was used to calculate the
energy, but other properties were computed using a prim-
itive cell.
The PBE-optimized structural data for the defec-
tive and hydrogenated spinel structures of γ-alumina
are provided as Supplemental Material to this Article.
The defective spinel model has a monoclinic symme-
try group C2/m. The relaxed lattice parameters are
in good agreement with previously published experimen-
tal and calculated data.3,58,59 The calculated supercell
equilibrium volume and bandgap of two structures of γ-
alumina and Boehmite are given in Table I. The differ-
ence between the calculated supercell equilibrium volume
and experimental data is about 1%.3,58,59 The hydro-
genated spinel structure has a triclinic symmetry group
P1 due to the deviation of H atom from the cation va-
5cancy center. The calculated supercell volume is also in
good agreement with experimental data with about 1%
overestimation.3,58 The equilibrium volumes calculated
with PBE0 are also very close to the experimental data.
The γ-alumina is an insulator with a wide bandgap,
of about 6.8 eV, which is smaller than the bandgap of
α-alumina.61 Due to the complexity of its bulk and sur-
face structures, the bandgap of γ-alumina poses a chal-
lenge for its experimental determination.60–62 Thus, the
experimentally obtained bandgap values vary consider-
ably from 2.5 to 8.7 eV. The bandgap of γ-alumina and
Boehmite calculated in this work are also summarized
in Table I. The PBE0 gives higher and more accurate
bangaps for these three structures.
FIG. 2. Density of electron states of γ-alumina: (a) PBE-
calculated and PBE0-calculated TDOS; (b) PBE-calculated
PDOS compared with data from X-ray emission spectroscopy
experiments in Ref. 61.
As can be seen in Figure 2(a), the two used function-
als present similar total density of states (TDOS) for γ-
alumina. The peaks are almost coincident within the
whole energy range for the two structural models. As
expected, the valence band region is separated into two
parts: the upper valence band (UVB) ranging from the
Fermi level down to −9 eV below this, and the lower
valence band (LVB) in the energy range from −16 eV
to −21 eV. The calculated TDOS is in good agreement
with previously published experimental and calculated
data.14,59–61 Figure 2 (b) shows the projected density
of states (PDOS) (calculated using PBE) in comparison
with experimental data. The corresponding densities of
states are projected from the Kohn-Sham wave functions
onto atomic Bader volumes and calculated within these
volumes. The calculated UVB of PDOS matches very
well with the data retrieved from Ref. 61, but the calcu-
lated LVB deviates slightly from the experimental data.
The LVB obtained with PBE0 matches better with the
experimental data than that obtained with PBE. The
UVB is dominated by the 2p orbitals of O and has small
contributions from Al 3s and Al 3p orbitals, which has
also been confirmed experimentally by Ealet et al.60 In
UVB, the calculated data has two peaks centered at −3
eV and −7 eV which reflect the overall contributions of
orbitals of Al and O. The two-peak structure is not visible
in the experimental data of Ref. 61. However, it is stated
in Ref. 60 that these two peaks in UVB are separated
and correspond to the O 2p bonding orbital (−7 eV) and
O 2p non-bonding orbital (−3 eV). Therefore, it can be
seen that there is extensive hybridization between the O
2p and Al 3p orbitals. This is a result of the covalent
bonding between Al and O in γ-alumina. In LVB, the
main contribution comes from the O 2s orbitals. This
has been also verified in Ref. 60.
FIG. 3. PBE-calculated PDOS on Al in γ-alumina for: (a)
the defective spinel model; (b) the hydrogenated spinel model.
As one can see from Figures 3 (a) and (b), the Al 3s
and Al 3p orbitals are extensively hybridized due to the
polycoordination. The Al 3s and 3p orbitals hybridize
6over the whole valence band and beyond. By comparing
Figure 3 (a) and Figure 3 (b), it is visible that such hy-
bridization is more extensive in the defective spinel phase
than in the hydrogenated spinel phase. Another notice-
able feature in the data shown in Figure 3 is that the
hybridization is more extensive on tetrahedrally coordi-
nated Al atoms than in octahedrally coordinated Al.
B. Dynamic stability and phonon spectra
The dynamic stabilities of previously proposed struc-
tures of γ-alumina have been investigated only at the
Γ point,12,13,33 To the best of our knowledge, only
the stability of the defective spinel phase proposed by
Gutie´rrez, Taga and Johansson55 has been confirmed by
full-spectrum phonon dispersion calculations in Ref. 14.
In Ref. 14, Ching and coworkers used ultrasoft pseudopo-
tentials and a finite-displacement method for phonon cal-
culations. Loyola have employed classic force field meth-
ods to calculate the phonon DOS of several models in-
cluding the defective spinel phase in Ref. 64, and com-
pared the result with that of Ref. 14. Some differences
between the classical and ab initio calculated DOS have
been found for frequencies higher than 200 cm−1. It has
been suggested that the ab initio results are less accu-
rate due to the limitations imposed by the usage of the
finite-displacement method.64
We use PAW potentials and the DFPT method, as
described in the methodology section, to calculate the
phonon spectra of the defective spinel model and of the
hydrogenated model. The obtained phonon dispersion
curves and the phonon DOS are shown in Figure 4. The
phonon dispersion curves display no imaginary frequen-
cies, suggesting the dynamic stability of the considered
structures. For the structures of γ-alumina, the acoustic
modes range from 0 to 200 cm−1, and have equivalent
contributions of Al and O in both models. The opti-
cal branches are rather flat, and the O atoms contribute
more than Al for frequencies above 350 cm−1. The O
atom is lighter in mass than Al, so it makes a larger
contribution in the higher frequency range. The most
prominent peak at 500 cm−1 is attributed to the stretch-
ing mode of the Al-O bond in the octahedral AlO6 unit.
The noticeable differences between the two models are
well evident for frequencies over 700 cm−1. Between 700
and 1000 cm−1, the defective model gives rise to 5 peaks,
while only four peaks are visible for the hydrogenated
model. Besides, only two peaks that are located at 750
and 770 cm−1 coincide with each other. In both mod-
els, these two peaks can be attributed to the Al-O bonds
in the tetrahedral AlO4 unit. The peaks of the hydro-
genated model at 900 and 3330 cm−1 are attributed to
the vibrational modes of the hydroxyl groups, where the
proton contribution is more significant than that of O
atoms.
The calculated phonon DOS for the defective spinel
is in good agreement with the data of Ref. 14. The
phonon DOS extinguishes at 880 cm−1 in the ab ini-
tio calculations of Ching and coworkers.14 According to
our results, the phonon DOS is also terminated at the
same frequency. We note that, in Ref.65, the phonon
DOS gradually extinguishes and eventually vanishes at
980 cm−1.
FIG. 4. Phonon dispersion and phonon DOS of (a) the defec-
tive spinel γ-alumina; (b) the hydrogenated spinel γ-alumina;
(c) Boehmite AlOOH. The orange dots and marks in are in-
dicating calculated Raman-active modes and peaks.
The calculated Raman-active modes are marked by
7filled circles and streaks in Figure 4. Due to the poor
crystallinity, Raman spectrum of γ-alumina with clear
features is difficult to obtain experimentally.65–69 In con-
trast, experimental Raman spectra of Boehmite are quite
clear.65,66 For this material, there are three peaks at 360
cm−1, 497 cm−1 and 677 cm−1, as reported by Roy and
Sood.65 Three additional peaks at 228 cm−1, 451 cm−1
and 732 cm−1 were observed by Ruan et al. The frequen-
cies of Raman-active modes obtained in our calculations
are at 220 cm−1, 357 cm−1, 460 cm−1, 497 cm−1, 680
cm−1 and 730 cm−1. These values agree well with ex-
perimental Raman peak frequencies.66 As regard to the
γ-alumina, the defective spinel phase shows more fea-
tures than the hydrogenated phase. The Raman-active
modes calculated for the hydrogenated spinel phase can
find their correspondence in the defective spinel phase.
C. Thermal stability
In this section we analyse the thermal stabilities of
the two structural models (defective and hydrogenated
spinel) of γ-alumina, relative to water Boehmite, on the
basis of Gibbs free energy evaluation. However, since
the energies of compounds with different stoichiometries
cannot be compared directly, we compare the Gibbs free
energy of Al2O3+nH2O (a two-phase mixture of defec-
tive spinel γ-alumina and H2O) with the hydrogenated
spinel phase HAl5O8 and Boehmite AlOOH, as it was
previously done by Wolverton and Hass13 and also by
Sun et al.,33 using the following reactions:
2AlOOH −→ Al2O3 + H2O (4)
and
5AlOOH −→ HAl5O8 + 2H2O. (5)
The reactions (4) and (5) correspond to the decompo-
sition of Boehmite into defective spinel phase plus H2O
and hydrogenated phase plus H2O, respectively. There-
fore, the Gibbs free energy changes (∆G) for the reactions
(4) and (5) can be expressed as
∆G1 = G(Al2O3) +G(H2O)− 2G(AlOOH) (6)
and
∆G2 = G(HAl5O8) + 2G(H2O)− 5G(AlOOH) (7)
where ∆G1 and ∆G2 refer to the free energy change
for the processes in reaction (4) and in reaction (5) re-
spectively, and G(Al2O3), G(HAl5O8), G(AlOOH), and
G(H2O) are the Gibbs free energies of the corresponding
materials at the temperature of interest.
Besides, the relative stabilities of the defective and hy-
drogenated spinel phases can be evaluated without in-
volving Boehmite, via the reaction
2HAl5O8 −→ 5Al2O3 + H2O. (8)
The corresponding Gibbs free energy change is then:
∆G3 = G(Al2O3) + 1/5G(H2O)− 2/5G(HAl5O8) (9)
The expression for the Gibbs free energy is
G(P, T ) = E + PV − TS (10)
Here E is the internal (total) energy, P is the pressure,
and V is the volume. Under the Born-Oppenheimer ap-
proximation, the internal energy decomposes into two
parts: the electronic energy Eel(V, T ) and vibrational en-
ergy Evib(V, T ). As the compounds of our interest here
are insulators, the electronic entropy contribution can be
neglected in the considered temperature range. For the
considered compounds, the entropy also contains another
important term, the configurational entropy Scnf . For
condensed phases at low pressure, or for systems without
noticeable PV change, the term PV can be neglected.
Then the Gibbs free energy expression for the considered
compounds of aluminum becomes
G(0, T ) = Eel(V0) +Evib(V0, T )−T · (Svib +Scnf) (11)
where the ground-state total electronic energy Eel(V0)
is calculated for the optimized volume V0 using VASP
within the framework of DFT using the PBE or
PBE0 functionals. The vibrational energy Evib(V0, T )
and vibrational entropy Svib were calculated using the
PHONONPY code within the quasi-harmonic approxi-
mation (QHA). The Gibbs free energy of H2O, in the gas
and liquid state, was evaluated starting from the PBE
calculated electronic and zero-point energy of an H2O
molecule, and adding temperature-dependent contribu-
tions (including the translational, vibrational and rota-
tional free energy, vaporization energy, and the PV term)
retrieved from the NIST online database.70 The entropy
of solid-state H2O was extrapolated based on the data at
0 K and the data above 273.15 K by means of polynomial
fitting.
The calculated temperature dependencies of the Gibbs
free energy changes for reactions (6), (7) and (9) are
shown in Figure 5. Considering the change in the Gibbs
free energy for the reaction (6) of decomposition of
Boehmite into defective γ-alumina and water, the cal-
culated critical temperature for the reaction is 678 K,
in good agreement with the reaction temperature range
from 673.15 to 723.15 K determined experimentally.71
Previous theoretical values systematically overestimated
this critical temperature by 100 K33,58 The underlying
reason is that the previous calculations did not take into
account the vibrational and configurational contributions
to the free energy. Neglecting these two terms will in-
crease the Gibbs free energy change of reaction (6) and
increase the value of the critical temperature. The good
agreement with experimental data indicates good accu-
racy of the methodology followed in this work.
The improved accuracy enables for a detailed analysis
of the relative thermal stabilities of the γ-alumina mod-
els. The Gibbs free energy change of reaction (7) is pos-
itive up to T = 753 K, as indicated by the red curve in
8FIG. 5. Calculated Gibbs free energy changes: ∆G1 (green
line) for the decomposition of Boehmite into defective γ-
alumina and H2O; ∆G2 (red line) for the decomposition of
Boehmite into hydrogenated γ-alumina and H2O; ∆G3 (blue
line) for the decomposition of hydrogenated γ-alumina into
defective γ-alumina and H2O; and ∆G4 (yellow line) for the
formation of Boehmite and defective γ-alumina from hydro-
genated γ-alumina. The dotted parts of lines show extrapo-
lated data.
Figure 5. It suggests that the spontaneous decomposition
of Boehmite into the hydrogenated spinel phase should
not occur below 753 K. However, the transformation of
the Boehmite phase into the defective spinel phase be-
comes thermodynamically favorable already at tempera-
tures above 678 K. This result shows that the defective
spinel phase, rather than the hydrogenated spinel phase,
is the ground state of γ-alumina. Furthermore, the Gibbs
free energy of the reaction (9) never becomes positive in
the whole temperature range of interest, and beyond.
It suggests the instability of the hydrogenated spinel
phase in comparison with the defective spinel phase. As
such, the hydrogenated-spinel alumina phase will spon-
taneously decompose into the defective spinel phase and
water. We also used the energies from PBE0 type of
calculations at 0 K to assess the Gibbs free energy in re-
actions (6), (7), and (9). The result is consistent with
the PBE type of calculations. Our result is in agreement
with that of Ref. 13, and disagrees with the conclusion of
Ref. 33 about the stability of hydrogenated spinel phase.
The above analyses involved the experimental thermo-
chemical data for H2O, and, therefore, were not fully ab
initio. The assessment of relative stabilities of these ma-
terials without involving H2O can be made. The com-
position of hydrogenated spinel γ-alumina can be ex-
pressed as the mixture of Boehmite and defective spinel
γ-alumina
HAl5O8 −→ 2Al2O3 + AlOOH. (12)
Then the Gibbs free energy of hydrogenated spinel
γ-alumina can be compared with that of the mixture of
Boehmite and defective spinel γ-alumina,
∆G4 = 2G(Al2O3) +G(AlOOH)−G(HAl5O8). (13)
This excludes the strongly temperature dependent con-
tribution from H2O. The result is shown in Figure 5.
The Gibbs free energy of hydrogenated γ-alumina is al-
ways higher than that of the mixture of Boehmite and
defective γ-alumina, which confirms the instability of the
hydrogenated γ-alumina in comparison with the defective
spinel phase.
Worth of notice is that, we stick to the lower bound of
the residual configurational entropy of Boehmite (zero at
low temperatures). However, the defect formation energy
∆E introduced at the end of Sec. II B (which can be
estimated by comparing the energies of proton-ordered
Boehmite and proton-disordered Diaspore) in Boehmite
is small, which means additional configurational entropy
of AlOOH at high temperatures. In that sense, the Gibbs
free energy change ∆G4 would be more negative and the
hydrogenated spinel phase more unstable. The accurate
description of the entropy gain with temperature increase
and subsequent effects on the transformation of Boehmite
will be reported in a separate study, since the current
work focuses on γ-alumina.
FIG. 6. Hydrogen diffusion coefficient in the hydrogenated
spinel phase of γ-alumina.
Nevertheless, it is likely that the hydrogenated spinel
phase will not fully transform into the defective spinel
phase above 753 K, since the vacancies are good traps
for H and there is always bulk hydrogen detected in sam-
ples. Sohlberg et al.12 calculated the potential energy
profile for hydrogen in γ-alumina to obtain a migration
battier of about 1.4 eV. The diffusion coefficient of H
in the hydrogenated γ-alumina can be estimated using a
classical expression
D =
ρ2 · ν
2kBT
∫ ∞
Em
e−ε/kBT dε =
ρ2 · ν
2
· e−Em/kBT (14)
where ν (3330 cm−1)is the frequency of stretching mo-
tion of hydrogen in a hydroxyl group, ρ (1.5 A˚) is the
hopping distance, and Em is the migration barrier. Fig-
ure 6 shows the estimated diffusion coefficient of H in the
hydrogenated spinel phase. It should be noted that the
diffusion of hydrogen only becomes significant at temper-
atures above 900 K. For lower temperatures, the diffusion
9rate of H is extremely slow. That may be the main rea-
son why the hydrogenated spinel phase is seen more of-
ten than the defective spinel phase in laboratory environ-
ments. We therefore conclude that the bulk H detected
in experimental investigations of γ-alumina is not intrin-
sic in nature. At the same time, the surface H can still
be natural for γ-alumina. As Digne et al. have shown,
the surface adsorption of hydrogen is energetically favor-
able and the surface hydroxyl groups remain stable even
at high temperature.72 In θ-alumina, which bears great
similarity with γ-alumina, it is found that some facets
have negative surface energy and stay hydroxylated up
to high temperatures.73
D. Thermal properties
Figure 7 shows the calculated temperature depen-
dency of the specific heat and entropy for γ-alumina
and Boehmite from 0 K to 1000 K, and the comparison
with experimental data for α-alumina.74 It is expected
that the specific heat of γ-alumina lies in between those
of Boehmite and α-alumina, since γ-alumina is a tran-
sient phase during the decomposition of Boehmite into
α-alumina. As can be seen from Fig. 7, Boehmite has a
higher specific heat than any alumina. This is due to the
hydrogenation, as hydrogenation can increase the spe-
cific heat and entropy of materials.75 The hydrogenated
spinel γ-alumina has a specific heat which lies in between
that of the Boehmite and alumina. This can also be at-
tributed to the hydrogenation. Generally, the α-alumina
has the lowest specific heat and entropy. Worth of notice
is the fact that the defective spinel phase of γ-alumina
has higher entropy than α-alumina, but lower specific
heat at temperatures above 500 K. This is because of
the intrinsic vacancies in γ-alumina. These vacancies in-
crease the disorder but also decrease the density of the
material, resulting in higher entropy and lower specific
heat values for γ-alumina in comparison to α-alumina.
To our knowledge, this is the first time that these dif-
ferences in specific heat and entropy for γ-alumina and
α-alumina are reported. Such differences also distinguish
the defective spinel phase from the hydrogenated spinel
phase of γ-alumina.
IV. SUMMARY
We have investigated the electronic structure, dynam-
ical stabilities, relative thermal stabilities and thermal
properties of two competing phases of γ-alumina–the de-
fectice spinel phase and the hydrogenated spinel phase–
using periodic DFT calculations. The two γ-alumina
phases exhibit similarities in electronic structure and the
obtained crystalline parameters show good agreement
with experimental data. Hybrid functional PBE0 was
also used in calculations. Overall, the calculated equi-
librium volume and bandgap of the hydrogenated spinel
phase are close to the experimental data. The defective
0 200 400 600 800 1000
Temperature (K)
500 500
1000 1000
1500 1500
S p
e c
i f i
c  
H
e a
t  (
J / K
/ K
g )
Defective spinel model
Hydrogenated model
Boehmite
α-alumina
(a)
0 200 400 600 800 1000
Temperature (K)
500 500
1000 1000
1500 1500
2000 2000
E n
t r o
p y
 ( J
/ K
/ K
g )
Defective spinel model
Hydrogenated model
Boehmite
α-alumina
(b)
FIG. 7. Specific heat and entropy of γ-alumina and Boehmite
in comparison with experimental data (symbols) for α-
alumina. Residual entropy of the spinel phases is included
in panel (b).
spinel phase is dynamically and thermally stable, and the
obtained temperature at which its spontaneous formation
from Boehmite occurs is in excellent agreement with ex-
perimental data. It is then shown that the methodologies
followed in this study allow for accurate calculations of
the transformation temperature.
The defective spinel phase is found to be the ground
state of γ-alumina. The hydrogenated spinel phase is
also dynamically stable, but thermodynamically unsta-
ble with respect to the defective spinel phase and H2O, as
well as relative to defective spinel phase and Boehmite.
This is in spite of the high entropy content of hydro-
genated γ-alumina. The hydrogenated spinel structure
is only a metastable phase during the decomposition
of Boehmite above 753 K. However, dehydration of the
metastable phase into the ground state is expected to
be slow due to the low diffusion rate of H, which leaves
hydrogen as a locked-in impurity in γ-alumina under con-
10
ditions of normal temperature and pressure.
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